Cu K-edge x-ray absorption near-edge structure (XANES) spectra of trigonal (3R) CuScO 2 and CuLaO 2 and of hexagonal (2H) CuScO 2 were investigated experimentally and theoretically, in order to study differences between spectra of isostructural and isoelectronic compounds. Significant differences were found in the Cu K-edge XANES of 3R CuScO 2 and 3R CuLaO 2 ; these differences can be understood by considering the calculated polarization dependence of the XANES spectra and the differences between the phaseshifts of Sc and La. Spectra of the 3R and 2H polytypes of CuScO 2 differ only weakly and the difference originates from the long-range order. The pre-edge peak around 8980 eV is generated by the same mechanism as the pre-edge peak in Cu 2 O, i.e. involving scattering by the Cu atoms in the plane which is perpendicular to the O-Cu-O axis.
Introduction
X-ray absorption near-edge structure (XANES) is generated via the scattering of a photoelectron by neighbouring atoms. XANES can also provide valuable information about local aspects of low-lying unoccupied electronic states in these systems. In this way, XANES includes information about both atomic and electronic structure. Materials with similar structure and with similar chemical properties are expected to yield similar XANES. This was indeed observed in numerous studies, e.g. spectra of TiS 2 , TiSe 2 and TiTe 2 [1] , FeS, CoS and NiS [2] or of ternary chalcogenide semiconductors [3] [4] [5] .
Recently, delafossites have attracted a lot of attention because they represent a rare example of a p-type transparent conductor, with potential applications in optoelectronics [6, 7] . Another interesting property of delafossites is their negative thermal expansion [8] , which has been investigated recently by extended x-ray absorption fine structure (EXAFS) measurements [9] . Delafossites have an AMO 2 composition, with A being usually monovalent Cu or Ag and M being usually either a trivalent transition metal cation or Al and its isoelectronic analogues Ga and In. Delafossites occur in two polytypes, having either a hexagonal crystal system (the polytype is commonly denoted as 2H) or a trigonal crystal system (the polytype is commonly denoted as 3R).
In this work, we analyse Cu K-edge XANES of delafossites CuScO 2 and CuLaO 2 . Trigonal CuScO 2 and CuLaO 2 are isostructural and isoelectronic (Sc and La belong to the same group of the periodic table), hence their Cu K-edge XANES should be very similar. No significant differences would be expected here.
Also trigonal and hexagonal structures of delafossites are very similar when viewed locally from a Cu site. This means that comparing XANES of trigonal and of hexagonal CuScO 2 should reveal the effects of small changes of the structure on electronic states as seen from the Cu site. Apart from observing the effects of small variations in the chemistry and in the structure on the XANES, studying delafossites may be helpful in understanding the spectra of other monovalent Cu(I) oxides. Delafossites offer the possibility to study spectra of linearly coordinated monovalent copper with all the O-Cu-O units pointing in the same direction. This distinguishes delafossites from, for example, cubic Cu 2 O where the O-Cu-O units point in four different directions. (Note that for divalent Cu(II) oxides, the situation is different because of a possible interplay of 3d 9 and 3d 10 L electronic configurations [10, 11] ).
The local density of unoccupied states for E 10 eV was published for AgInO 2 and CuAlO 2 [12] and for CuGaO 2 and CuInO 2 [13] . XANES at the L 2,3 -edge of the transition metal M was measured for AgFeO 2 , AgCoO 2 and AgNiO 2 [14] . A comprehensive spectroscopic study of CuAlO 2 undertaken by Aston et al concentrated mostly on occupied states, nevertheless, it included O K-edge and Cu L 2,3 -edge XANES as well [15] .
No study of the Cu or Ag K-edge XANES of a delafossite has been published so far. Such a study would probe unoccupied states with a p symmetry with respect to the cation A. These states are more delocalized than the d states probed by the L 2,3 -edge XANES and, consequently, are more sensitive to variations in the crystal structure. Cu K-edge XANES of Cu 2 O, which resembles delafossites both because of the presence of monovalent Cu(I) and because of similar local structure around Cu, has been analysed in several studies [16] [17] [18] . It was found, among other things, that the intensive pre-edge peak in the Cu K-edge XANES of Cu 2 O is connected with transitions to states perpendicular to the O-Cu-O axis [16, 17] .
In this work, Cu K-edge XANES of CuScO 2 (3R), CuLaO 2 (3R) and CuScO 2 (2H) was studied both experimentally and theoretically. Interesting and unexpected differences were observed both in the experiment and in the theory. The origin of these differences is analysed and discussed by exploiting concepts of the polarization dependence of the spectra and of the scattering properties of atoms in the investigated compounds. Possible implications for the role of the pre-edge peak in other monovalent Cu compounds are discussed.
Methods

Structure of delafossites
Delafossites are layered materials, containing planar layers of the A cations and layers of distorted edge-sharing MO 6 octahedra. Depending on the orientation of each layer in the stacking, two polytypes can be identified. The stacking of layers in the 3R polytype can be characterized as ABCABC, the crystal has a trigonal (rhombohedral) symmetry and the structure belongs to the space group no. 166 (D 5 3d , R3m). The stacking of layers in the 2H polytype can be characterized as ABAB, the crystal has a hexagonal symmetry and the structure belongs to the space group no. 194 (D 4 6h , P6 3 /mmc). Structural diagrams of clusters of 27 atoms around Cu in both the 2H and 3R polytypes of CuScO 2 are presented in figure 1 . From these diagrams, one can see how the difference between the 3R and 2H polytypes affects the local structure around Cu atoms-which is essential for interpretation of xray absorption spectra. Structural diagrams comparing the 3R and 2H polytypes with the emphasis on the long-range order can be found, for example, in [7] . Figure 1 shows the structures viewed parallelly to the c axis. Figure 2 shows 15-atom and 27-atom clusters around Cu in the 3R polytype viewed perpendicularly to the c axis. It is worth noting that the structure of the 15-atom cluster in delafossites is very similar to the structure of the 15 
XANES measurements
The synthesis method for the CuScO 2 (2H and 3R) and CuLaO 2 (3R) powders was described before [19, 20] . Homogeneous samples for XANES measurements were prepared by precipitating fine powders of CuScO 2 and CuLaO 2 on polytetrafluoroethylene membranes from suspensions in methyl alcohol. Transmission XANES measurements were done at the BM08 (Gilda) beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The x-ray beam was monochromatized by two parallel silicon crystals with flat (311) reflecting faces, detuned to reduce the harmonics influence. For energy-scale calibration purposes, the absorption of a copper reference foil placed past the second ionization chamber was measured contemporarily. The spectra presented here were measured at T = 300 K. Further details on measurements and on data analysis can be found in an earlier paper [9] , which was dedicated to temperature dependent EXAFS measurements.
Computational framework
Cu K-edge spectra of 3R CuScO 2 and CuLaO 2 and of 2H CuScO 2 were calculated ab initio in a real space via the multiple-scattering technique [21] , using the RSMS code [22, 23] . Muffin-tin potentials were taken from selfconsistent calculations of the electronic structure of clusters of 24-27 atoms. These calculations were performed using an amended XASCF code [24, 25] which is based on the SCF-Xα formalism [26] . Because we are dealing with solids, the clusters have to be effectively embedded in a crystal. That means that while the Schrödinger equation is solved for a molecular cluster, the potential is generated by assuming that the atoms of the cluster are in fact part of a crystal. More specifically, within each self-consistency iteration, atoms in crystallographic positions are attributed the electron densities which were obtained via a SCF-X α calculation for atoms in the molecular cluster, and then the muffin-tin potential of a crystal is generated in a standard way. If more atoms of the same type are present in the cluster, the electron density around that atom which is most centrally located is taken. Only the potential of the outer sphere, which surrounds the cluster and is responsible for the localization of the electronic states in the cluster, is generated as in a standard SCF-X α molecular calculation.
For each of the atomic types in the crystal, a separate SCF-Xα calculation is done, with the respective atom in the centre of the cluster. In order to guarantee that the potential generated in this way is free from spurious molecular effects, one can do another series of calculations where the previously obtained electron densities are kept fixed during the self-consistency cycle for all but the most central 3-5 atoms. It turns out that for clusters larger than ∼15 atoms, the resulting potentials do not significantly differ from those obtained during the first set of calculations. We found that this procedure generates potentials which give rise to x-ray spectra that are similar to spectra obtained for potentials found via self-consistent band-structure calculations (see [27] for an example).
The procedure outlined above is not very straightforward. On the other hand, it is quite robust, its speed does not crucially depend on the symmetry of the material and it can handle different systems independently of their electronic properties (metals, semiconductors, ionic compounds). However, its main advantage is that, within the final state approximation, it enables us to account for the core hole. We included it here via the relaxed and screened model (i.e. the electronic structure of the cluster was calculated with one 1s electron removed from the photoabsorbing Cu atom and transferred into the valence states).
The exchange and correlation effects were accounted for via the energy-independent Xα potential with the Kohn-Sham value of α = 0.67. The muffin-tin radii were set so that The muffin-tin zero was identified with the proper average of the interstitial potential V int , in accordance with our previous experience with XANES of oxides (see, e.g. [28] ). Apart from calculating isotropic polarization-averaged spectra (corresponding to our non-oriented powder samples), we calculated also linearly polarized spectra which correspond to monocrystals. The angular dependence of polarized spectra is determined by the crystal point group. For delafossites, this angular dependence can be described by two independent spectral components. One of these components corresponds to the situation where the x-ray polarization vector ε is parallel to the c axis, the other one to the situation where ε is in the ab plane [29] .
Theoretical spectra were convoluted by a Lorentzian curve in order to simulate the effect of finite lifetimes of the core hole and of the excited photoelectron. The broadening associated with the core hole lifetime was set to 1.55 eV, according to the compilation of Al Shamma et al [30] . The broadening associated with the photoelectron lifetime was set by amending the 'universal curve' of Müller et al [31] according to the suggestions of Benfatto et al [32] (we assumed a damping associated with one valence electron, starting at the onset energy E s = 16 eV).
Our calculations cannot yield absolute energies of the absorption edges with an accuracy better than ∼1%. Achieving a higher accuracy would require a better treatment of the core hole in a solid while taking into account the p symmetry of the final states. Also, the core electrons would have to be treated fully relativistically. Therefore, we align the energy scale of the theoretical spectra to the experiment by hand so that a good overall agreement between the peak positions in the theory and in the experiment is obtained. Some ambiguity is introduced in this way but it does not matter to the main purpose of this work. As concerns the intensities of the absorption spectra, we scaled the theoretical results so that they match in intensity the experiment at the high-energy tail (above 9040 eV).
Energy ranges
When comparing XANES of materials which have similar structures but different lattice parameters, one can make use of the fact that interatomic distances enter the XANES formula explicitly only in a product with the photoelectron wavevector k = √ E − V int [23] . That means that if XANES spectra are scaled appropriately, differences due to different lattice constants will be suppressed. More specifically, if two particular spectral features occur at energies E 1 and E 1 for one compound and at energies E 2 and E 2 for another compound, then neglecting the differences in the phase shifts one gets
where d 1 and d 2 are characteristic interatomic distances in the first and in the second compound, respectively [1] . It is worth noting that this reasoning has a similar basis to the so-called 'Natoli's rule' [33] which has been used in estimating bond lengths in molecular complexes.
If one thus plots the spectrum of each material in its own energy range set according to the kd = const prescription, where d is a typical interatomic distance, the deviations still remaining in the plots are signatures of the differences in the phase shifts δ (E). For the purpose of this scaling, we took the characteristic distances d = 2.336Å for 3R CuScO 2 , d = 2.341Å for 2H CuScO 2 and d = 2.626Å for 3R CuLaO 2 (based on the unit cell volumes). When studying our plots in the following section, one has to be aware, nevertheless, that even though the use of the kd = const prescription compensates for the differences in the distances d, it does not account for the differences in the c/a ratios (for CuLaO 2 , the ratio c/a is by 20% smaller than for CuScO 2 ).
Results
Isotropic spectra
The experimental as well as theoretical spectra of powdered 2H CuScO 2 , 3R CuScO 2 and 3R CuLaO 2 are shown in figure 3 . The theoretical spectra were obtained for clusters of 203 atoms.
One can see that experimental spectra of the two CuScO 2 polytypes (2H and 3R) differ only weakly from one another. On the other hand, significant differences occur between the spectra of 3R CuScO 2 and 3R CuLaO 2 . The similarity between the two spectra of CuScO 2 and the dissimilarity between the two spectra of the 3R compounds is well accounted for by the theory as well.
The theoretical curves reproduce all significant features of the experiment, albeit sometimes in shifted energy positions and with different peak intensities.
As mentioned in section 2.3, the potentials we used for the calculations are self-consistent and include the 1s core hole. We found, nevertheless, that neither the self-consistency nor the core hole are crucial for obtaining a good agreement with the experiment: the difference between the spectra of 3R CuScO 2 and 3R CuLaO 2 can be reproduced also for non-self-consistent potentials (created according to the so-called Mattheiss prescription) and/or for potentials which neglect the core hole. Interestingly, the distance between the pre-edge peak at 8980 eV and the other peaks is better reproduced in theory for CuLaO 2 than for CuScO 2 -even though there is no obvious reason why the theory should work better for one material than for the other. The agreement between the theoretical and experimental peak positions would probably improve if an energy-dependent exchange-correlation potential was used. However, it is still quite difficult to decide a priori which form of the exchange-correlation potential would be most suitable for a particular situation [34] [35] [36] . Therefore, we stick with the energy-independent Xα potential which is sufficient for the purposes of this study.
Effects of sample orientation
Apart from the isotropic spectra shown in figure 3 (i.e. spectra averaged over all orientations of the polarization vector ε), we calculated also polarized spectra (i.e. considering absorption of linearly polarized x-rays in monocrystals). These spectra are shown in figure 4 . Note that the vertical scale of figure 4 is the same as of figure 3 and that the calculations were again performed for clusters of 203 atoms. One can see that the theory predicts quite a large polarization effect. It follows from figure 4 that the ε ab components of all the spectra are quite similar while the ε c component of the spectrum of 3R CuLaO 2 differs from the spectra of CuScO 2 . The difference between the isotropic Cu K-edge XANES of 3R CuScO 2 and 3R CuLaO 2 observed in figure 3 comes, therefore, from the ε c spectral component.
Scattering phaseshifts of analogous atoms
The fact that spectra of CuScO 2 and CuLaO 2 differ may come as surprising, given the fact that Sc and La have similar configuration of valence electrons (Sc 3d 1 4s 2 , La 5d 1 6s 2 ). A closer look on the scattering properties of Sc and La can be obtained by inspecting the partial-wave phase shifts δ (E) (electronic structure enters into XANES calculations via δ (E) [21] ). Figure 5 shows sin[δ (E)] for Sc in 3R CuScO 2 and for La in CuLaO 2 . Clearly, phase shifts of Sc and La differ significantly, implying that XANES of CuScO 2 and CuLaO 2 should differ as well (as observed in figure 3) . The difference between Sc and La can be observed also in a more integral quantity, namely, in the scattering cross-section σ (which can be evaluated from the phaseshifts δ (E)). It turns out that σ for La is about two to three times larger than σ for Sc.
Sometimes it is argued that La should not be considered as an equivalent of Sc among the 5d elements because the empty 4f shell of La may be prone to perturbations. In this line of reasoning, the proper equivalent of Sc should be Lu which has got its 4f shell filled (its electron configuration is 4f 14 5d 1 6s 2 ). Therefore, we calculated the phaseshifts δ (E) also for Lu in a hypothetical CuLuO 2 compound obtained just by swapping Lu for La in CuLaO 2 while keeping the geometry intact (see the bottom panel of figure 5 ). One can see that the phase shifts for La and for Lu are quite similar. The only significant difference concerns the sharp resonance for the = 3 phaseshifts near the origin: it occurs for La, which is just about to bind a 4f state but not for Lu, where no such binding is expected. This resonance can influence the detailed shape of the pre-peak but otherwise one can expect that XANES spectra of CuLaO 2 and of the hypothetical CuLuO 2 will be quite similar. We checked this explicitly by performing the corresponding XANES calculations (the results are not shown here for brevity). As a whole, it follows from this test that the difference between scattering properties of Sc and La is not simply a consequence of the presence of low-lying empty 4f states in La.
Role of specific groups of atoms
For a further understanding of the difference between XANES of CuScO 2 and CuLaO 2 and of the role played by different scatterers, it may be useful to observe how the theoretical spectra change if different groups of atoms are involved in the calculation. Figure 6 shows polarized spectra of 3R CuScO 2 and 3R CuLaO 2 calculated for clusters of 15, 27 and 203 atoms. The structure of the 15-atom cluster is shown in figure 2 (a) and the structure of the 27-atom cluster is shown in figure 2(b) . One can see from figure 6 that the most important features of the ε ab spectrum can be reproduced for cluster of 27 atoms. In fact, we found that it would be sufficient to use just seven Cu and fourteen O atoms; adding the remaining six Sc/La atoms does not alter the ε ab spectrum significantly, indicating thus that for the ε ab spectral component, scattering by the Sc or La atoms does not really participate in the formation of the fine structure. Inclusion of the seven Cu atoms and fourteen O atoms is also necessary for the pre-edge peak at 8980 eV to emerge.
For the ε c polarization, theoretical spectra of CuScO 2 and CuLaO 2 differ from one another even for 15-atom clusters. The gross shape of the ε c spectrum is reproduced if 27 atoms are included.
The differences between Cu K-edge XANES of 2H CuScO 2 and 3R CuScO 2 are small; they appeared in our calculations only if more than 100 atoms were taken into account, suggesting that this is a long-range order issue. However, because this difference is small and because the agreement between theory and experiment is not perfect, we cannot be certain that our calculation really reflects the difference between XANES of 2H and 3R CuScO 2 properly. Figure 3 suggests, nevertheless, that the difference between XANES of 2H and 3R CuScO 2 should be more visible for the ε ab polarization.
Sc-La substitution and differences in the geometry
As noted in section 2.1, trigonal 3R CuScO 2 and 3R CuLaO 2 differ one from another not only via the Sc-La substitution but also via differences in the geometries (cf the reversed order of Cu-Cu and Cu-M interatomic distances for these two compounds in table 1). In an effort to separate these two effects, we calculated polarized Cu K-edge spectra also for a hypothetical CuLaO 2 compound with the geometry taken to be exactly the same as for 3R CuScO 2 .
The results are shown in figure 7 . By comparing figure 7 with figure 4, one can see that the ε ab polarization component resembles the ε ab spectrum of CuScO 2 while the ε c component resembles the ε c spectrum of the proper CuLaO 2 . This again stresses the role played by the differences in scattering properties of Sc and La: the ε ab component highlights the scattering which involves Cu atoms and O atoms but not Sc or La atoms (cf figure 2 and also the comments regarding figure 6 in section 3.4 above). The scattering amplitudes of Cu and O do not depend very much on whether we are dealing with CuScO 2 or with CuLaO 2 . On the other hand, the distances in the ab plane differ by ∼20% between these two compounds (cf table 1). So one can expect that for the ε ab component, the geometry will dominate and it is therefore plausible that the ε ab spectrum of the hypothetical CuLaO 2 with a CuScO 2 geometry is similar to the spectrum of CuScO 2 .
On the other hand, the ε c spectral component involves a significant contribution from scattering by Sc or La and it is therefore not surprising that in this case, the effect of a chemical substitution dominates over the geometry. 
Discussion
By knowing that structurally and chemically similar compounds usually have similar XANES, we have measured and analysed Cu K-edge XANES spectra of trigonal (3R) and hexagonal (2H) polytypes of CuScO 2 and of 3R CuLaO 2 . We have identified quite large differences between the isotropic spectra of isostructural and isoelectronic 3R compounds CuScO 2 and CuLaO 2 . The calculations show that these differences originate from the differences in the ε c polarized spectral component and are consistent with differences in the phase shifts of Sc and La. Spectra of 3R and 2H polytypes of CuScO 2 differ only weakly and the difference originates from the long-range order.
Our analysis suggests that different scattering properties of Sc and La are not necessarily connected with the presence of low-lying empty 4f states of the latter. Consequently, it is possible that similar differences in XANES might occur also for isostructural and isoelectronic compounds containing other pairs of 3d-5d metals, such as Ti-Hf or V-Ta.
The differences between XANES of 3R CuScO 2 and 3R CuLaO 2 appeared much more clearly when polarized spectra were looked on. Polarized spectra thus bear significantly more information than isotropic spectra. Similar conclusions were reached earlier for other copper oxides such as CuO [37] or CuGeO 3 [38] .
Our finding that the difference between spectra of 3R CuScO 2 and CuLaO 2 is much more pronounced for the ε c polarization than for the ε ab polarization is consistent with the changes in the local environment of Cu in these compounds: Sc and La atoms, for which the phase shifts differ significantly, are located quite far from the ab plane defined by Cu hexagons and thus will be more involved in the ε c polarized spectra than in the ε ab polarized spectra.
The distinct pre-edge peak at 8980 eV appears in the calculations for the ε ab polarization only. This reminds us of the situation with Cu 2 O, where it was similarly found that the pre-edge peak is connected with transitions perpendicular to the O-Cu-O axis [16, 17] . However, unlike in the case of Cu 2 O, the O-Cu-O chains are all parallel to each other in a delafossite crystal, meaning that the association between the pre-edge peak and states in the ab plane could be, in principle, demonstrated by experiment (if a monocrystal sample is used).
Our analysis of the polarization dependence of Cu K-edge XANES of delafossites shows that the formation of the preedge peak involves scattering by Cu atoms in the ab plane (as well as by O atoms which linearly coordinate these Cu atoms in a direction perpendicular to the plane containing Cu atoms). A similar conclusion could be drawn locally also for Cu 2 O [17] . The fact that scattering by atoms in the ab plane is involved in the formation of the Cu K-edge pre-peak cannot, however, be generalized. Such a pre-peak, namely, appears also in systems containing linearly coordinated monovalent Cu where there are no Cu atoms present in the ab plane [39] (e.g. in [Cu(x ypz)] 2 (BF 4 ) 2 [40] ). Thus, it appears that there will be two kinds of pre-peak in monovalent copper compounds; one that involves scattering by Cu atoms in the ab plane (the case of Cu 2 O and delafossites) and another one that does not involve this scattering (the case of some molecular complexes studied by Kau et al [39] ). In support of this conjecture, one can recall that earlier experimental studies observed that the pre-edge peak in Cu K-edge XANES of Cu 2 O does not in fact follow the systematic pattern set by the molecular complexes [39, 41] .
Generally, our study shows that isostructural and isoelectronic compounds can still have different XANES spectra. This difference could be better identified in polarized spectra.
Conclusions
We found that apparent chemical and structural similarity of two compounds (in our case, 3R CuScO 2 and 3R CuLaO 2 ) does not necessarily imply that their XANES spectra will be very similar.
The difference between Cu K-edge XANES of isostructural and isoelectronic compounds 3R CuScO 2 and 3R CuLaO 2 can be understood if one focuses on the polarization dependence of the spectra. The calculations indicate that XANES of 3R CuScO 2 and 3R CuLaO 2 is similar if the polarization vector ε of the incoming x-rays lies in the ab plane while it significantly differs if ε is parallel to the c axis. This behaviour is consistent with different scattering properties of Sc and La.
The pre-edge peak which appears in the XANES of delafossites around 8980 eV is connected with scattering of the photoelectron by at least seven Cu atoms in the ab plane and fourteen O atoms which linearly coordinate these seven Cu atoms. The pre-peak is present only in the ε ab polarized component. In this respect the situation is analogous to the case of Cu K-edge XANES of Cu 2 O.
Differences between experimental Cu K-edge XANES spectra of the 2H and 3R polytypes of CuScO 2 are small. Theoretical analysis indicates that this difference is of longrange-order character.
